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NOMENCLATURE 
cross-sectional flow area, f t .  2 
pipe dieneter,  f t .  
pipe d i ~ m e t e r  of t e s t  section, f t ,  
f r i c t ion  fac tor  as  defined by Nikuradse equation, dimensionless 
superf icial  f r i c t i o n  fac tor  f o r  gas phase calculated from 
Reynolds number, R e  dimensionless 
G ' 
superf icial  f r i c t i o n  fac tor  f o r  l i qu id  phase calculated from 
Reynolds number, ReL, dimensionless 
conversion factor ,  32.2 f t .  lb.mass/ set.* lb.  force 
length, f t .  
2 
pressure, l b .  force/in. , or in.Hg. 
flow ra te ,  GPM. 
superf icial  Reynolds number of gas phase based on inside pipe 
diameter, dimensionless 
superf icial  Reynolds number of l i qu id  phase based on inside 
pipe d i e t e r ,  dimensionless 
temperature of gas phase, 'C 
temperat,ure of l iqu id  phase, O C  
gas flow rate, l b .  mass/sec . 
l i qu id  flow rate, l b  . mass/sec . 
square root of the r a t i o  of the pressure drop f o r  the flow of 
l iqu id  d o n e  t o  the pressure drop f o r  the flow of the gas alone, 
dimensionless 
viscosi ty  of gas phase, lb .  m s s / f t .  sec. 
viscosi ty  of l i qu id  phase, l b .  mass/ft, sec. 
l iqu id  density, lb. mass/ft. 3 
parameter used by Lockhart and Martinelli ( l ) ,  the square root 
of the r t ~ t i o  of the two-phase pressure drop per uni t  length 
t o  the: pressure drop per uni t  length of the l iquid  phase 
(subscript L) flowing alone in  ,the pipe, dimensionless. The 
subscript denotes tha t  both the l iquid and gas phases are 
turbulent a s  defined i n  reference (1) .  
single-phase equivalent length multiplying factor  as  developed 
i n  t h i s  thes is ,  dimensionless 
experi.mentaJ. two-phase pressure drop, in. Hg . 
two-phase pressure drop per uni t  length calculated by 
fif)TP-M/WC correlation of lockhart and Martinelli ( I ) ,  psi .  / f t  . 
r a t i o  of length t o  diameter of pipe or  method used t o  express 
length equivalent of valve o r  f i t t i n g  i n  regard t o  causing 
pressure loss ,  dimensionless 
r a t i o  of length t o  diameter of pipe fo r  t e s t  section, dimension- 
l e s s  
r a t i o  given f o r  valve studied 
TWO PHASE PRESSURE DROP I N  VALVES AND FITTINGS 
Robert McKinlock Sharp 
SUMMARY 
Because of the  ever-increasing applications made of two-phase 
gas-liquid flow, an investigation of t h i s  type of flow i n  various standard 
valves and f i t t i n g s  was considered advisable. A n  examination of the  
l i t e r a t u r e  showed t h a t  da t a  of t h i s  type were not available.  
In  t he  present study a i r  was used a s  the  gas phase and water a s  
the  l i qu id  phase. An apparatus was constructed which would allow ~ ~ t e r e d  
amounts of a i r  and water t o  be passed through various standard valves 
and f i t t i n g s .  A i r  r a t e s  varied from about 0.01 t o  0.10 pounds per 
second ('7.43 t o  74.3 SCFM) . Water r a t e s  varied from 2 t o  50 GPM. I n  
the  t e s t s  f i v e  d i f f e r en t  a i r  r a t e s  were used a t  each constant water r a t e .  
From the  da t a  obtained a s e r i e s  of curves were constructed f o r  
each valve showing air r a t e  versus no-length pressure drop with t h e  
parameter of constant water r a t e .  A s  a r e s u l t  of t h i s  study it was 
found tha t  the  correla t ion of Lockhart and Mart inel l i  (1 )  could be used 
t o  predict  pressure losses  i n  systems containing valves i f  a multiplying 
facxor i s  applied t o  the  single-phase equivalent lengths of the  valves. 
This multiplying f ac to r  was found t o  depend on the  r a t i o  of the  l i qu id  
mass flow r a t e  t o  t h a t  of the  gas. 
The da t a  f o r  the  t e e  and elbows studied showed t h e  same trend i n  
regard t o  a single-phase equivalent length multiplying f ac to r  a s  did  t he  
x i i  
valves, but d i f f i cu l t i e s  i n  obtaining sensi t ive pressure lo s s  measure- 
ments precluded the formation of a general correlation tha t  would 
include both the valve and f i t t i ngs .  
INTRODUCTION 
This study was carr ied out f o r  the  purpose of obtaining information 
on two-phase pressure losses  i n  valves and f i t t i n g s .  This investigation 
was par t  of a contract  [contract No. AF 33(616)-26661 l e t  t o  the  Engi- 
neering Experiment Stat ion of the  Georgia I n s t i t u t e  of Technology by 
Wright A i r  Developlnent Center, Dayton, Ohio. The overal l  objective of 
t h i s  contract  is  t o  es tab l i sh  pa rme te r s  t h a t  govern the  'design of a i r -  
c r a f t  f u e l  systems where two-phase f u e l  flow ex i s t s .  The f i r s t  phase of 
t h i s  contract  consisted of a l i t e r a t u r e  survey (2) on two-phase (gas- 
l iqu id)  f l u i d  flow i n  pipes. This examination of the  l i t e r a t u r e  indicated 
t h a t  no da ta  were available t o  allow the  calculation of two-phase 
pressure losses  i n  valves and f i t t i n g s .  
In addition t o  the  l i t e r a t u r e  survey (2)  conducted f o r  t h i s  
project ,  another survey ( 3 )  was found which had been carr ied out f o r  
the  Atomic Energy C!ommission a t  the  University of Minnesota. 
Ipvestigations of t he  nature of two-phase flow have been car r ied  
on f o r  many years,  but only recent ly  has much progress been made i n  t h i s  
f i e l d .  This advancement has been stimulated t o  a la rge  degree by the  
Inany new indus t r i a l  applications found using the medium of two phase 
flow. Applications i n  chemical reaction technology and in  the  t r m s f e r  
of heat or mass between phases are  becoming increasingly common. Advances 
a s  a r e su l t  of two-phase flow studies  a l so  w i l l  a i d  grea t ly  i n  helping 
t o  increase the usefulness of older operations involving two-phase flow. 
Some of the  more widely known of these operations involve evaporation, 
boil ing,  f lashing, condensation, and the evolution of dissolved gases. 
An examination of the  l i t e r a t u r e  has indicated t h a t  i n  prac t ica l ly  
a l l  investigations t o  date,  a i r  or natural  gas has been used as the  gas 
phase, and water, benzene and hydrocarbon o i l s  have been used as the  
l i qu id  phase. Most of the  information available (1, 4, 5 ,  6, 7, 8, 9 ,  
10)  is f o r  co-current flow of the two phases i n  s t r a igh t  horizontal  and 
v e r t i c a l  cy l indr ica l  ducts, ranging i n  s i z e  from capi l la ry  tubes t o  two 
inch pipes, without mass exchange between the  phases. There are a few 
a r t i c l e s  available which t r e a t  the  applications involving mass exchange 
between the  phases. Some of these a r t i c l e s  may be found i n  references 
(11, 12,  13, 14) .  
In gas-liquid flow four possible combinations of viscous-turbulent 
flow conditions can occur, a l so  a mobile boundary e x i s t s  between the 
phases. Variation of t h i s  i n t e r f ac i a l  boundary results i n  changes i n  
the  flow channels of each phase and a l so  changes i n  the  channel roughness. 
One of the  most noticeable charac te r i s t ics  found i n  gas-liquid 
flow systems i s  the  existence of various flow patterns.  These flow 
pat terns  change smoothly from one type t o  another with no abrupt t r an -  
s i t i o n  points. These flow pat terns  depend on the r e l a t i ve  amounts and 
ve loc i t ies  of the  phases; t he  nature of the  phases, i . e .  v iscosi ty ,  
density e tc . ;  the geomtrgr of the piping; entrance e f f ec t s ;  and external  
vibrations and pulsations. 
If increasing amounts of a gas phase are  added t o  a horizontal  
pipe running f u l l  of l i qu id ,  the  following successively occurring s i x  
d i s t i n c t  flow pat terns  are observed : 1) bubble flow i n  which bubbles of 
the  gas move along the top of the pipe a t  approximately t he  same velocity 
as  t he  l iquid;  2)  s t r a t i f i e d  flow i n  which the gas occupies the  upper 
portion of the  pipe with t he  l i qu id  below, t he  two phases being joined 
by a smooth interface;  3) wave flow i n  which the  interface i s  disturbed 
by waves; 4)  plug flow i n  which la rge  plugs of vapor and l iqu id  move 
d o n g  the  pipe with the  l i qu id  phase controll ing; 5 )  slug flow i n  which 
rapidly moving slugs of l i qu id  move along the pipe with the gas phase 
controll ing; and 6 )  annular flow i n  which a high veloci ty  gas stream 
flowing i n  a cen t r a l  core causes the  l i qu id  phase t o  assume an annular 
flow channel against  the  pipe w a l l .  
A s  s ta ted  before, these flow pat terns  exhibi t  no abrupt t ran-  
s i t i o n  points. This f a c t  has l e d  t o  some confusion among workers i n  
t h i s  f i e l d  who have given various names t o  t he  same flow pat terns .  
For t h i s  reason a flow pat tern diagram i s  shown i n  f i g .  1. This 
diagram is  a p lo t  of t he  mass flow r a t e  of the  a i r  phase versus t h a t  of 
the  water phase on which are  shown the  various flow pat tern zones and 
t h e i r  identifying names. Also a s e r i e s  of high-speed photographs of 
the  flow pat terns  are  shown i n  f i g s .  2 and 3 with t h e i r  respective 
names and mass flow ra tes .  These photographs were made using an elec- 
t ron ic  f l a sh  un i t  which produces a f l a sh  of approximately two micro- 
seconds duration. 
WATER RATE (GAL./MIN.) 
WATER RATE (LB./SEC.) 
Figure 1. Observed Flow Patterns f o r  Co-current Flow of Air-Water 
Mixtures in 1 1/2 Inch 1.D. Horizontal Pipe. 
(a) STRATIFIED FLOW - WATER 2 GPM, AIR 
0.0101 LB./SEC. 
( c )  SEMI-ANNULAR FLOW - WATER 2 GPM, AIR 
0.0851 LB./SEC. 
(b) WAVE FLOW - WATER 2 GPM, AIR 0.0620 
LB./SEC. 
(d) PLUG FLOW - WATER 20 GPM, AIR 0.0150 
L BS./SEC. 
Figure 2. Flow Patterns - Flow from Left t o  Right. 
(a) SLUGPLUG TRANSITION FLOW - WATER 30 
GPM, AIR 0.0420 LB./SEC. 
(b) PLUGSLUG TRANSITION FLOW - WATER 40 
GPM, AIR 0.0 190 LB./SEC. 
( c )  SLUG FLOW - WATER 40 GPM, AIR 
0.0620 L B./SEC. 
(d) BUBBLE FLOW - WATER 60 GPM, AIR 
0.0120 LB./SEC. 
Figure 3. Flow Patterns - Flow from Left to Right. 
INSTRUMENTATIOM AND EQUIPMENT 
Schematic flow diagrams of sections of the  experimental apparatus 
are shown i n  f i g s .  4 and 5 .  Photographs of portions of t h e  equipment are 
shown i n  f i g s .  6 through 9. 
The apparatus employed i n  t h i s  experiment consisted of the  follow- 
ing components: separate devices f o r  metering the  a i r  and water phases 
i n t o  the  t e s t  sysi;em, which allow a l so  f o r  t he  determination of the  phase 
temperatures and pressures; a mixing and calming pipe section; a t e s t  
section consist ing of the  f i t t i n g  under investigation and suf f ic ien t  pip- 
ing on e i t h e r  s ide  of the  f i t t i n g  t o  serve a s  a calming zone; pressure 
measuring instruments which allow the  measurement of t he  pressure drop 
across the  t e s t  section and a l so  the  determination of an average pressure 
i n  the  t e s t  section; and a means of separating the  a i r  and water phases 
t o  allow f o r  water recycling once it has passed through the  t e s t  section.  
The following paragraphs contain a more de ta i led  discussion of t he  
individual components. 
The A i r  Supply System.--The a i r  f o r  t h i s  experiment w a s  supplied by an - 
Ingersoll-Rand 50 CFM compressor. The compressed a i r  w a s  then brought 
i n t o  an e igh t  cubfic foot  storage tank a t  a pressure between ninety and one 
hundred twenty psfig. Before enter ing and leaving the  storage tank, the  
a i r  was passed through g lass  wool f i l t e r s  t o  eliminate foreign matter. 
The a i r  from the  storage tank was regulated by two d i f f e r en t  s i z e  needle 
valves which served as  a coarse and f i n e  adjustment. From these valves 
the a i r  passed through a 3/8 inch Klipfel diaphragm type t h r o t t l e  valve 
operated pneunzatically. This th ro t t l i ng  valve allowed the l i n e  pressure 
t o  be reduced from approximately one hundred psig t o  any desired value 
between zero and s ix ty  psig. After th ro t t l i ng  took place, t he  a i r  passed 
in to  a Schutte and Koerting model 18200 Safeguard Rotometer f i t t e d  with 
an aluminum number 6 1 4  rotor.  The calibration curve furnished by the 
manufacturer was used with t h i s  instrument. The rotometer assembly was 
provided with a pressure gage calibrated i n  t h i s  laboratory and a ther- 
mometer. Worn the rotometer the a i r  passed d i rec t ly  in to  the t e s t  system. 
The majority of the piping used i n  the a i r  supply system w a s  3/8 inch 
standard iron pipe. The air entered in to  the  t e s t  system from a piece 
of 3/8 inch pipe which was teed a t  ninety degrees in to  the 1 1/2 inch 
water supply l ine .  The end of the 3/8 inch pipe, a f t e r  brazing in to  the 
water pipe, was carefully rounded so tha t  it would conform t o  the 
in te r ior  surface of the water l i n e .  Fi.gure.7 shows the a i r  supply control 
panel. 
The Water Supply System.--The water supply system consisted of a conical 
bottom storage tank which held about one hundred twenty-five gallons; 
an Ingersoll-Rand 1. CORVNL pump having a capacity of 75 GPM against a 
head of one hundred twenty f e e t ,  two small rotometers mounted i n  pa ra l l e l  
for  measurement of flow ra t e s  below 14 GPM, and a rotometer bypass l i n e  
equipped with a metering or i f ice  calibrated i n  t h i s  laboratory f o r  water 
flow ra tes  of 20 through 60 GPM. The water storage tank was equipped 
with a thermometer. A l l  pressure gages employed in  t h i s  experiment were 
calibrated i n  these laboratories before use. 
The Mixing and Calming Section.--The mixing and calming section consisted 
of f i f t een  f ee t  of 1 1/2 inch copper pipe flanged t o  a f ive  foot section 
of Pyrex Double Tough 1 1/2 inch g lass  pipe, two Crane Company number 1001 
long sweep ninety degree drainage elbows, and several  addit ional f e e t  of 
1 1/2 inch schedule eighty pipe which served t o  connect the  calming 
section with the  t e s t  section. The f i f t e e n  foot s t r a igh t  length of 
copper tubing was f i t t e d  with pressure t aps  a t  each end which were 
connected by 3/8 inch copper tubing t o  the  pressure drop measuring 
components. The above mentioned copper tubing was used i n  the preliminary 
cal ibrat ion of the  apparatus. 
The Test Sections.--There were two types of t e s t  sections employed i n  the  
pressure drop determinations. One type was used f o r  the  valves and the  
other type fo r  the: t e e  and elbows. A detai led drawing of the  piping 
layouts i n  these sections can be found i n  f i g .  5. Pyrex Double Tough 
glass  pipe was used whenever prac t ica l  f o r  the  observation of flow 
pat terns .  Several short  joining sections i n  the  valve t e s t  layout and 
also three ten  foot lengths of pipe and some connecting pieces i n  the 
elbow t e s t  l i n e  were constructed from 1 1/2 inch schedule eighty iron 
pipe which matched exactly the  1 1/2 inch I.D. of the glass pipe. All 
flanges threaded onto the iron t e s t  section piping were f i t t e d  with 
brass bushings t o  fill up any thread space not taken up by the  pipe. 
These bushings were milled t o  an inside diameter of 1 1/2 inches and cut 
t o  f i t  f lush  with the  flange facing. 
In the  determination of single-phase pressure losses  i n  valves 
and f i t t i n g s  it is accepted pract ice  t o  place the up-strearn pressure 
pick-up a t  least f i f t e e n  pipe diameters above the f i t t i n g  tes ted  and 
the down-stream pick-up about f i f t y  di-meters below the f i t t i n g s .  This 
is done t o  account; fo r  any pressure losses  caused by the valve o r  f i t t i n g  
i n  the  up or  down-stream piping. There is, however, no c r i t e r i a  f o r  
p l a c e r ~ ~ n t  of pressure qick-ups i n  two-phase y q v e  and f i t t i n g  determi- 
nations. In  the  valve t e s t  section the  up-stream pick-up was about 
ninety-five diameters away and the down-stream pick-up about one hundred 
and ten diameters away. I n  the t e e  and elbow t e s t  section the up-stream 
pick-up was about f i f t y - f ive  pipe diameters from the f i t t i n g s  and the 
down-stream pick-up about ninety diameters away. These distances should 
be suf f ic ien t  t o  allow a l l  valve and f i t t i n g  pressure losses  t o  be 
measured. Additional work would be needed t o  determine the m i n i m  
distances from the valve o r  f i t t i n g  f o r  placement of the  pressure pick- 
up devices. 
The Pressure Measwing Instruments.--The pressure drop across the t e s t  
section was measured using two multiple pressure t a p  devices i l l u s t r a t e d  
i n  f i g .  8. The pressure impulses from these t a p  devices were transmitted 
through water-fi l led 3/16 inch copper tubing t o  a Republic pneumatic 
d i f f e r en t i a l  pressure t ransmit ter .  This device w a s  cal ibrated i n  
posit ion before use against known w a t e r  pressures. The output air s igna l  
from t h i s  instrument w a s  read on a t h i r t y  inch mercury "U" manometer. A 
Bourdon type pressure gage cal ibrated i n  these laborator ies  w a s  connected 
t o  the  upstream pressure pick-up t o  allow calculation of an average pressure 
in  the  t e s t  section. 
The Phase S e p a r a t i ~ ~ n  Device.--A small cyclone separator shown in  f i g .  9 w a s  
[used f o r  separation of the air and water phases upon passage through the  
t e s t  section. The water leaving the cyclone dropped i n t o  the storage tank 
t o  be recycled. 






NOTE: ALL PlPE USED IS 1 1/2" 
SCHEDULE 80 IRON PlPE 
WITH THE EXCEPTION OF 
VISUAL OBSERVATION 
SECTIONS WHICH ARE 1 112" 
PYREX DOUBLE TOUGH GLASS 
PIPE. 





Figure 5. (A) Piping Diagram of Test  Sect ion f o r  Valves. 




Figure 9. Water Storage Tank with Pump and Cyclone Separator. 
EXPERIMENTAL PROCEDURE 
The f irst  phase of the  experimental program consisted of the  c a l i -  
bration of a f i f t e e n  foot s t r a igh t  section of 1 1/2 inch copper tubing 
used i n  the  calming and mixing section. The first of these ca l ib ra t ion  
runs consisted of a s e r i e s  of pressure drop measurements made at various 
constant water r a t e s .  These values were used t o  check the  accuracy of 
the  pressure drop measuring system by comparison of the  experinvental 
values with those predicted by the usual methods of calculation.  A 
second se r i e s  of cal ibrat ion runs were made with co-current flow of a i r  
and water mixtures. These t e s t s  were made t o  check the accuracy of the  
a i r  system instrunents and t o  compare the  r e su l t s  with those obtained by 
other investigations i n  t h i s  f i e l d .  After checking the  copper pipe 
section,  a similar s e r i e s  of t e s t s  were made on the t e s t  section t o  be 
used for  valves. In  these t e s t s  the  valve w a s  removed and a piece of 
1 1/2 inch schedule eighty pipe cut t o  match the length of the valve 
and i ts  joining nipples were inser ted i n  the  t e s t  l i ne .  This kept the  
overal l  length of the t e s t  section a constant value and allowed pressure 
drop data  t o  be gotten f o r  a system of the  same length as  t h a t  employed 
when the valve t o  -be t e s t ed  w a s  i n  place. 
The cal ibrat ion having been completed, the  valve was inser ted i n  
the t e s t  l i n e  and s se r i e s  of runs were made using f ive  d i f fe ren t  air 
r a t e s  from approxi:mtely 0.01 t o  0.10 pounds of a i r  per second ('7.43 t o  
'(4.3 SCFM) a t  various constant water r a t e s  ranging from 2 t o  50 GPM. 
A more exact iden t i f ica t ion  of the  valves and pipe f i t t i n g s  t h a t  
were studied i n  t h i s  s e r i e s  of t e s t s  are presented in  Appendix I. 
The system was s l i g h t l y  modified f o r  the  study of the  t e e  and 
elbows. Due t o  the  r e l a t i ve ly  low pressure drop encountered i n  these 
f i t t i n g s ,  four of each f i t t i n g  were examined i n  s e r i e s  t o  fu rn i sh  
suf f ic ien t  pressure drop f o r  an accurate determination. Thus the system 
was  modified by the  addition of three ten-foot lengths of 1 112 inch 
schedule eighty pipe. The piping configuration f o r  the  t e e  and elbows 
i s  shown i n  f i g .  5.  
The major it;^ of the  t e s t  program w a s  ca r r ied  out i n  the  summer 
months with water temperature ranging from approximately 18 t o  2 6 " ~ .  
Sore of the l a t e r  runs were made l a t e  i n  the  fa l l  and ea r ly  winter and t h e  
resu l t ing  colder water was preheated before use. This was accomplished 
by the addition of open steam t o  the  water storage tank. 
CHAPTER I V  
DISCUSSION OF RESULTS 
The da ta  and calculated r e s u l t s  are presented i n  Tables 1 and 2 
and f i g s .  10  through 21. The or ig ina l  da ta  is  on f i l e  i n  the  School of 
Che~nical Engineering of the  Georgia I n s t i t u t e  of Technology. 
Flow of Water Only.--In an e f f o r t  t o  determine the  general accuracy of 
the  pressure drop measuring components a s e r i e s  of runs were made using 
water only i n  each of two f i f t e e n  foot  sect ions  of copper pipe whose 
ins ide diameters Irere 1.60 and 1.06 inches. The values f o r  the  pressure 
drop gotten i n  t h i s  way agree within f i ve  per cent with those calculated 
using standard f r i c t i o n  f actor-Reynolds number p lo t s .  A s  a continuous 
check on the  system, a s e r i e s  of water runs a t  each flow r a t e  used i n  
t he  two-phase t e s t s  were made on each valve and f i t t i n g  examined. The 
pressure drops gotten i n  these runs a l so  were within f i v e  per cent of 
the  values predict;ed by standard methods and the  use of equivalent length 
values f o r  the  valve or  f i t t i n g  under investigation.  The temperature 
var ia t ions  encountered i n  these runs were considerable, 17  t o  35'C, but 
i n  all cases the  actual  water temperatures were used i n  t he  calculat ions  
and not an average value. In  some of the l a t e r  runs made ear ly  i n  the  
winter, the  cold water w a s  preheated with open steam t o  about 20°C. 
Flow of A i r  and Water.--As a fur ther  check on the  air system and the  
pressure drop rnea,suring conrponents, a s e r i e s  of a i r  and water m s  were 
nade i n  the  1.60 inch I.D. copper pipe section.  The da ta  obtained i n  t h i s  
rilanner were corapared with the  values predicted by the  correla t ion of 
Lockhart and Martj-nelli (1). Prac t ica l ly  all of these experimentally 
determined pressure drops fa l l  within plus o r  minus ten  per cent of the  
value predicted by the correlation.  
Upon completion of the copper pipe runs, the  two-phase pressure 
drop was measured i n  the s t ra igh t  338 inch valve test section 1.5  inches 
I .D.  without a valve i n  the  l i n e .  A sample of the  da ta  gotten from these 
runs together with the appropriate calculations can be found i n  Table I. 
A comparison of these values with those predicted by the Lockhart and 
~Martinell i  correla t ion can be seen i n  f i g .  10. These experimental r e s u l t s  
a l so  f a l l  within plus or  minus ten per cent of the predicted values with 
the majority of the  experimental values f a l l i n g  s l i gh t ly  below the  
correla t ing curve. 
Figure 11 shows a p lo t  of a i r  r a t e  versus pressure drop with a 
parameter of constant water r a t e  constructed from the  s t r a igh t  t e s t  
section data  with no valve i n  the  l i n e .  This p lo t  became the standard 
fo r  computing the no-length pressure drop curves shown fo r  the various 
valves i n  f i g s .  12 through 21. The no-length p lo t s  were constructed by 
plot t ing the pressure drops versus a i r  r a t e  a t  constant water r a t e s  from 
the experimentally observed values with the valve t o  be tes ted  i n  the  
l i n e .  The corresponding pressure drop values a t  the same a i r  and water 
r a t e s  on the stand~ard p lo t  were then subtracted from those on the t o t a l  
pressure drop p lo t s  f o r  each valve. This allowed the construction of a 
no-length pressure drop plot  f o r  each valve. 
These no-length pressure drop p lo ts  all show a s m a l l  nearly l i nea r  
increase of pressure drop with increasing a i r  r a t e  a t  low water r a t e s  
from about 2 t o  14  GPM. These low water r a t e  curves all have a very 
steep slope and are pract ical ly  s t ra ight  l ines .  A s  the l iquid r a t e  in- 
creases from about 20 t o  50 GPM, s m a l l  amounts of a i r  cause very great 
increases in  the pressure drop, but as the  air r a t e  increases the slopes 
of the pressure drop curves increase sharply showing l e s s  pressure lo s s  
increase with addi.tional a i r .  The higher the l iquid r a t e  the l e s s  
the slope of the pressure drop curves a t  low air ra tes ,  thus showing the 
greatest  re la t ive  increase i n  pressure l o s s  t o  occur at high l iquid r a t e s  
and low a i r  ra tes .  The above trends seemed t o  be quite general in  dl 
the valves examined. 
The values plotted i n  f i g s .  12 through 21 represent smoothed out 
values f o r  these valves with the actual experimentally determined difference 
values fo r  the pressure drops i n  some cases being ten t o  f i f teen  per cent 
higher or lower than those on the no-length plots .  Due t o  the nature of 
the measurements rr..e, a considerable amount of d i f f i cu l ty  was encountered 
i n  reading the pressure drops. Fluctuations of the order of f i f t y  t o  one 
hundred per cent were common i n  some of the  smaller pressure drops en- 
countered. The fluctuations i n  the pressure drops a t  low air and water 
r a t e s  had considerable amplitude but a re la t ive ly  low frequency. A s  the 
a i r  r a t e  increased a t  low l iquid r a t e s  the amplitude decreased but the 
frequency increased t o  a point a t  which the pressure drop measuring 
components could not respond rapidly enough, thus the measured pressure 
drop value became more steadied. A t  higher l iqu id  ra tes  and low air 
rates  again the amplitude was quite high with the frequency somewhat 
higher than the low l iquid  r a t e  pulsations. A t  the higher l iqu id  md 
higher a i r  r a t e s  the amplitude was lessened but the frequency greater. 
In t h i s  region violent slugging shook the apparatus. A s  the l iqu id  r a t e  
was increased above 50 GPM a i r  r a t e s  up t o  0.05 pound of a i r  per second 
produced l i t t l e  or no vibrations with a very steady pressure drop reading. 
An e f f o r t  was made t o  use the correla t ion of Lockhart and Martinell i  
(1) with the standard single-phase equivalent lengths f o r  the  valves 
studied t o  predict; pressure losses .  A l l  the pressure drops calculated by 
t h i s  method gave values higher than those determined experimentally. A l l  
of the  pressure drop values calculated f o r  the  valves were more i n  e r ro r  
as  the  a i r  r a t e s  increased but the  difference from the experimental value 
decreased as  the  l i qu id  r a t e s  increased. This behavior w a s  a t t r ibu ted  t o  
the  valve since the air-water pressure drops measured without a valve i n  
the  l i n e  agreed wi,thin plus o r  minus t en  per cent with those predicted by 
the  L o c k h e  and b k t i n e l l i  (1)  re la t ions .  This pat tern of deviation 
between the predicted and experimental pressure drop values pointed t o  
the  use of a multiplying fac tor  which could be applied t o  the  single-phase 
equivalent length f o r  use with the Lockhart and Martinell i  correla t ion (1) .  
Such a multiplying fac tor  was determined and fomd t o  depend upon the r a t i o  
of the mass flow r a t e  of the  l iqu id  phase t o  the  mass flow r a t e  of the  gas 
phase. Th i s  correction t o  the  equivalent length allows the  prediction of 
pressure drops t h a t  a re  within twenty-five per cent of the  many experi- 
ment& values examined. This agreement is  f e l t  t o  be qui te  good since 
the L ~ c U a r t  and M.artinelli method of calculat ing pressure l o s s  is  s ta ted  
t o  be only + 40 per cent accurate. The curve of the  single-phase equiva- - 
l e n t  length multiplying fac tor  versus the mass flow r a t i o  can be found i n  
fL.g* 22= 
The following expression was used t o  calculate  t he  single-phase 
equivalent length multiplying factor, designated \v, f o r  the  valve. 
With an actual  valve, everything except the two pressure drop terms become 
constant, thus I could be solved f o r  exp l i c i t l y  f o r  each run. 
One can see from the above equation tha t  i f  the L/D f o r  the t e s t  
section is  large i n  comparison with the L/D f o r  the f i t t i n g  studied, very 
accurate experimental pressure drop masurements are  needed t o  calculate 
I since the r e su l t  would be so strongly influenced by the L/D for  the 
t e s t  section. A t;ypical equation fo r  a valve is  tha t  used t o  determine 
I for  the composition disc  globe valve f u l l y  open. This valve was 
stated t o  have m L/D of 330(15) and the t e s t  section L/D was found t o  
be 225. This re la t ion  i s  shown below. 
I n  t h i s  equation each term is re la t ive ly  smaJ.1 which allows a more accurate 
difference value t o  be gotten. This, however, is not t rue  i n  the case of 
the t ee  and elbows since the L/D for  the t e s t  section w a s  several times 
larger  than the LID f o r  the f i t t i ngs .  The equation f o r  the standard 90' 
elbow is  shown below. The L/D valve f o r  the standard 90" elbow i s  30.4 
(16). Since four elbows were studied i n  ser ies  a t o t a l  L/D of 121.6 was 
used. In these t e s t s  a l so  some schedule 80 iron pipe w a s  used along with 
the glass sections. To adjust the L/D valve fo r  the iron pipe so tha t  it 
could be used w i t h  the srnooth glass pipe, the L/D valve f o r  the iron pipe 
~ELS multiplied bjr 1.1. This correction i s  the r a t i o  of the arithmetic 
average of the iron pipe f r i c t ion  fac tor  (e/d = 0.0012) t o  the arithmetic 
average f r i c t i o n  factor  as calculated from the Nekuradse equation over 
the range studied (14 t o  50 GPM). This gave a value f o r  the L/D of the 
pipe sections of 4 , lO .  The equation f o r  'Y is shown below fo r  the standard 
90° elbow. 





In t h i s  expression the L/D from the s t ra ight  pipe sections is  almost four 
t i nes  tha t  of the elbows. This f a c t  coupled with d i f f i c u l t i e s  i n  get t ing 
sensit ive pressure drop readings and the + 40 per cent accuracy of the - 
Lockhart and Martinell i  correlation (1) preclude the use of the elbows 
and t ee  i n  a more general single-phase equivalent length multiplying 
factor  relat ion.  However, a single-phase equivalent length multiplying 
factor  was calculated fo r  the tee  and elbows. This factor  showed the same 
tendency t o  approach unity as the mass flow r a t i o  increased as did the 
valve; however, the factor  values were somewhat above those f o r  the valves 
a t  a corresponding mass flow ra t io .  
It was found tha t  i f  no correction was agplied t o  the tee  and elbow 
equivalent lengths, the Lockhart and Martinelli correlation would lead t o  
predicted values wlthin about 20 per cent of the observed values. 
Although all the data taken i n  t h i s  study were not used i n  the 
calculations,  t h i s  data  could be useful t o  others working i n  t h i s  f i e ld .  
For t h i s  reason Table 3, which presents the basic values recorded in  all 
runs, is  included i n  Appendix 11. 
CHAPTER V 
CONCIUSIONS 
The conclusions resu l t ing  from the present investigation may be 
summarized as follows: 
1. The use of the  Lockhart and Martinell i  correla t ion (1) 
can be extended t o  various standard 1 1/2 inch valves 
by the use of a single-phase equivalent length multi- 
plying fac tor  based on the mass flow r a t i o  of the  two 
phases flowing. 
2. The 1 1/2 inch t e e  and elbows studied exhibi t  the  s m  
general trend i n  regard t o  the  single-phase equivalent 
length multiplying f a c t  or  as  the  valves , but dif f i - 
c u l t i e s  i n  obtai.ning sens i t ive  pressure drop measure - 
ments precludes t h e i r  use i n  forming a general single- 
phase equivalent length multiplying f ac to r  correla t ion 
f o r  all 1 1/2 inch valves and f i t t i n g s .  
Table 1, Data and Results f o r  Air-Water Calibrat ion of 1 1/2 Inch Test Section 338 
Inches Long Without Valve 
Run No. 
QL GPM 
WG l b .  /sec . 
'AVG . ps ia. 

Table 2A. D a t a  md Resulte fm Co-Current Flow of A i r  and Water in 1 1/2 Inch Pipe 
338 Inches Long with Composition Disc Globe V a l v e ,  Full Open 
Run No. 241 242 243 244 245 247 248 
% ( g a J o / a n o  14 14 14 14 14 20 20 
WG (lb . /see. ) 0.0135 0.0226 0.0420 0.0735 0.0930 0.0140 0.0235 
TL (OC) 2 7 27 27 2 7 27 27 28 
TG (OC) 33 33 33 32 32 31 31 
PAvG (~sia* I 15.7 16,5 17.5 18,9 19.8 16.8 17.4 
ReL x 10 -4 3.44 3.44 3.44 3.44 3.44 4.92 5.02 
f~ 
0.0227 0,0227 0.0227 0,0227 0,0227 0.0210 0.0209 
4 (AP/~L)~x~o (p~i./ft.) 78,34 78.34 78.34 78.34 78,34 148.54 147.09 
-4 
ReG x 10 1.10 1.83 3-41 5 0 96 7.54 1.14 1.92 
f~ 
O.OJOO o.oe65 0,0227 0.0200 0,0191 0,0295 0.0261 
4 ., 
@F/AL jGxl0 (psi. /ft . ) 4.04 9.54 26-55 66.50 97.00 4.00 9.64 
( ~ P / A L )  J b p / d ~ ) ~  19.39 8.21 2.95 1 ~ 8  0.a 37.14 15.26 
!P2 5,20 7.08 U,OO 16.6 19.8 4.09 5 075 
@ ~ / a ) ~ - ~ f l  lo3(psi0 /it. 40.7 5505 86.2 130.0 155.0 60.8 84.6 
AI? (in.~~a exp . 4,2 501 9.6 9.4 12.0 5-7 7.5 
w,/w, 145 86 47 2 5 20 200 116 
Y 0.537 0.b17 0,643 0.178 0.235 0.433 
Table 2A. Data and Results for Co-Curren% Flow of Air and Water in 1 1/2 Inch Pipe 
338 Inehea Long with Composition Disc Globe Valve, Full Open 
KU NO. 2 50 251 252 253 254 255 256 258 
(S&-/&O) 20 20 30 30 %o 30 30 4Q 
WG (lb. /see. ) 




Table 2E;. Data and Results for  Co-Current Flow of A i r  and Water i n  1 112 Inch Pipe 338 Inches 





(ap/ L ) ~ x ~ O  ( p s i .  /ft . ) 
AF exp . (in.Hg3 4.4. 

Table 2B. Data and R e s u l t s  for Co-Current Flow of A i r  and Water i n  1 1/2 Inch Pipe 338 Inches 
Long with Composition Disc Globe V a l v e ,  1/2 Total Turns Closed 
Run No. 316 317 318 319 320 321 322 323 
% (gal*/an*) 40 40 40 40 50 50 50 50 
WG (lb. /sec . ) 
TL (Oc) 
4 
(n~/&),xlO (psi. /fie ) 

Table 2C. Data and Results for  Co-Current Flow of A i r  and Water i n  1 1/2 Inch Pipe 
338 Inches Long w i t h  Bevel Seat Globe Valve, F u l l  Open 
Run No. 
4 ( ~ / A L )  ,x10 (psi . / f t  . ) 
f~ 
0.0195 0.01% 0.0283 0.0250 0.0221 0.0193 0.0186 0.0192 
4 ( A P / L S L ) ~ X ~ O  (psi. /ft . ) 64.00 86.00 4,50 10.00 2 4 , ~  60.00 75.00 63.00 
b p / ~ ~ ) ~ / ( ~ p / ' ' ~ ) ~  2.28 1 0  73 67097 30.59 12.75 5.07 4.06 4.80 
a2 12.35 13090 3.38 4.38 6.35 8.70 9.55 8- 90 
(U/PL) TP -MARp 3 O(ps i . / f t . )  180.0 207.0 103.0 134.0 194.0 265.0 291.0 269.0 
  in.^$. ) 14,3 16.5 11.8 17.8 21.5 24.2 22.7 
G p .  13.5 
' L ~ G  34 2 7 249 
Y? 0.244 4 . 2 4 7  0.635 
b .  
Table 2C. Data and Results for Co-Crurerrt Flow of Air and Water in  1 1/2 Inch Pipe 
338 Inches Long with Bevel Seat Globe Valve, Fu l l  Open 
Run No. 
(gal. /mine ) 
wG (lb. /set. ) 
Re, x 10 
-4 
Table 2C. Data and Results f o r  Co-Current Flow of Air and Water in 1 1/2 Inch Pipe 
338 Inches Long with Bevel Seat Globe Valve, Ful l  Open 
R u n  No. 
WG ( lb . /see. ) 
4 
(AP/&L) (psi.  /ft . ) 
3 ( A P / A L ) , _ ~ ~ ~ O  (psi. /it. ) 301 .O 316.0 
%p . ('in.~g. ) 29.2 29.5 
wL'% 135 119 
9 0.442 0.403 
Table 2D0 Data and ResuLts f o r  C o - C u r r e n t  Flow of A i r  and Water i n  1 1/2 Inch Pipe 
338 Inches Long with G a t e  V a l v e ,  314 Total Turns Closed 
Run Woo 
W, (lb. /sec . ) 
4 ( a ~ / a ) ~ f l o  (psi. /ft . ) 


Table 2E. Data and Results for  Co-Current Flow of A i r  and Water in 1 1/2 Inch Pipe 
338 Inches Long with Y Pattern Swing Check Valve 
Run No. 641 





@ P / ~ L )  Lx10 (psi.  /ft . j 
Table 2E. Data and Results for Co-Current Flow of Air and Water in 1 1/2 Inch Pipe 
338 Inches Long with Y Pattern Swing Check Valve 
Bun No. 
W, (lb. /sec. ) 
4 (AP/& ) ,xlO (psi. /ft . ) 

Figure 10. Comparison of Calibration Data on 338 Inch Straight Horizontal 
Test Section of 1 1/2 Inch I.D. Pipe fo r  Co-current 
Turbulent-Turbulent Flow of A i r  and Water with Correlation of 
Lockhart and Mart i n e l l  i (1) .

NO - LENGTH PRESSURE DROP (IN. HG.) 
Figure 12. No - Length Pressure Drop Vs.  A i r  Rate a t  Constant Water Rates, 1 1/2 Inch Composition Disc 
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NO - LENGTH PRESSURE DROP (IN. HG.) 
Figure 14. No - Length Pressure Drop Vs. A i r  Rate at Constant Water Rates, 1 1/2 Inch Bevel Seat Globe 
Valve - F u l l  Open. 
NO - LENGTH PRESSURE DROP (IN. HG.) 
Figure 15. No - Length Pressure Drop Vs.  A i r  Rate a t  Constant Water Rates, 1 1/2 Inch Bevel Seat Globe 
Valve - One-half Total  Turns Closed. 


NO - LENGTH PRESSURE DROP (IN. HG.) 
Figure 18. No - Length Pressure Drop Vs. Air Rate a t  Constant Water Rates, 1 1/2 Inch Gate Valve Wedge 
Disc - Rising Stem - Ful l  Open. 
8 9 10 11 12 13 14 
NO - LENGTH PRESSURE DROP (IN. HG.) 
Figure 19. No - Length Pressure Drop Vs. A i r  Rate a t  Constant Water Rates, 1 1/2 Inch Gate Valve, Wedge 
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21. No - Length Pressure Drop Vs. A i r  Rate a t  Constant Water Rates, 1 1/2 Inch Iron Gas Line 
- N l  Open. 
4 3 5 6 7 8 9 10 l! 12 13 
I 
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18 19 20 
MASS FLGW RATIO :~~~~ 
Figure 22. Correlation Curve Showing Single-Phase Equivalent Length Multiplying Factor Vs. Mass 
Flow Rat io. 
A P P E N D I X  
APPENDIX I 
IDENTIFICATION OF VALVES AND FITTINGS USED I N  TESTS 
The following 1 1/2 inch valves and f i t t i n g s  were generously 
donated by the  Crane Company f o r  use i n  t he  two-phase pressure drop 
evaluations : 
Valve or F i t t i n g  Crane Catalogue No. 
1. 150-Pound :Brass Globe Valve with Cranite 
Co1npositio:n Disc. . . . . . . . . . . . . , , . . . . . . . . . . . . . . . . . . . . . . . . . . ,  7 
2. 200-Pound Bronze Globe Valve, Plug Disc Type ............. 212P 
3. 200-Pound Bronze Globe Valve, Regrinding 
( ~ e v e l  Seat)  ............................................ 70 
4. 200-Pound Bronze Gate Valve, Wedge D i s c  - 
Rising Stem .............................................. 4-22 
5. 125-Pound Iron Gaa Line Cock with B r a s s  Plug ............. 1232 
6.  200-Pound Bronze Y-Pattern Swing Cheek Valve, 
Regrinding ............................................... 36 
7. 300-Pound Malleable Iron. 90' Elbow ................... .... 2633 
8. 300-Pound : M l e a b l e  Iron Tee ............................. 2643 
9.  Cast Iron ( ~ a l v ~ i z e d )  90" Long Turr, Drainage 
Elbow .................................................... 1001 
BASIC EA'I'A FROM ALL RUNS 
Table 3 includes the basic experimental data from d l  runs made 
in these tests. 
Table 3A, Data for  Go-Cu~ren-k Flow of A f r  and Weter in L 112 Ineh 
Test Section 338 Inlzhes Lorig - Calibration Runs, No  Valve 




bP'expo Test Section 
in0Hg. 
psigo 
Table 3A- 3ata ~ Q P  Co-Cu~rent Flm of Air and Water in 1 6' Inch 
Tes t  Seetioar 338 I~~c23.e~ Long - Calibratfon Runs, No Valve 
(dp:M;po 'inlet to 
Test Section h o H g 0  
Psigo 




11.9 12. g 
6.1 5.3 












12'. 8 14,o 
15.6 19.0 
9.6 8.7 
ll, L. 12.0 
10~4 11.3 
10.0 , 10 ,o 
la,  9 L Z , ~  
139 3 lb0 3 
1,4& 1 F u 3  
16~5 17, 5 
L703 13. kq 
lb, 5 200& 
19,s ;'2,5 
Table 3B. Data for CO-Current P i m  of Uis and Water itl L 1/2 Isch 
Test Section 338 Xsehes Long - Composition Disc Globe 
Vdve  Pr13-1 Open 
Y 
RILE= No, $ W~ T~ T~ bpjexp , m e t  $0 
GPM. lb./aee. Q ~r 1 "C in.Hg. Test Eketion 
paig. 
Table 3B. Cata Tor Co-Cu~rer,d F l o w  of A i r  and Wates in 1. 1/2 Inch 
T e s t  Section 338 Incbe Long - Compoaitios Disc Globe 
V a l v e  Full Open 
'% 
r 
R u n  No. W~ T~ T~ bPfexpo f n1e"Go 
GPM. Ibo /see. *C O C  in.Hgo Test Section 
D S ~ E .  
T a b l e  3C. D a t a  f o r  Co-Current Flow of Air and Wa+,er i n  1 112 Inch 
Test Section 338 Inches Long - Composition Cisc Globe 
Valve 112 Total  T u r n s  Closed 
Run No. % W~ T~ T~ (oP)exp. ' inlet t o  
GPM. lb. /see. O C  O C  in. Hg . T e s t  Section 
psig 0 
Table 3 C 0  Data for  Co-Current Flow of Air and Watet. i n  1 112 Inch 
Test Section 338 Inches Long - Composition Disc Globe 
Valve 11 i Total Turns Closed 
BL 
r 
~ u n  NO, W~ T~ *G (4') expa inlet to 
GPM. lb .  /sec. "C OC! Test Section in,Hg* 
PEL it3 
Table 3D. Data for  Co-Current Flow of A i r  and Water i n  1 1/2 Inch Test 
Section 338 Inches Long - Bevel Seat Globe Valve, Full Open 
Run No. % W~ T~ T~ (@)expo I-'inlet t o  
O C  OCr in.Hg, 
Test Section GPM. lb . /sec , 
psi@; 
Table 3D. Data f o r  Co-Current Flow of A i r  and Water i n  1 1/2 Incn %st 
Section 338 Inchee Long - Bevel Seat Globe Valve, Full Open 
Run No. % 
GPM. 
W~ T~ T~ ('P)exp. 
l b  . /sec . O C  O C  in. Hg . 
' inlet t o  
Test Sectf on 
psig. 




























Table 3E. Data for  Co-Current Flow of A i r  and Water in  1 1/2 Inch 
Test Section 338 Inches Long - Bevel Seat Globe Valve, 
1/2 Total Turns, Closed 
QL 
l-' 
Run No. w~ T~ (Op )exp. i n l e t  t o  
GPM. l b .  /see, O C  O C  Test Section in.Hg. psig. 
Table 3E. Data f o r  Co-Current Flow of A i r  and Water i n  1 112 Ioch 
Test Section 338 Inches Long - Bevel Sea% Globe Valve, 
1 /2 Total W n s  , Closed 
~ u n  NO. BZ W~ T~ T~ i n l e t  t o  
GPM, l b  . /see. O C  "C in.Hg. 
psig. 
Tsble 3F. Oata f o r  Co-Current Flow of Air and Water i n  1 1/2 Inch 
Tes% Section ,338 lnchss Long - Plug Disc Globe Valve,  
Full Open 
RunNo. $L W~ T~ T~ (4p)exp 'inlet to 
O C  *C 
Test Section GPM. lb./sec. in.Hge ~ s i a .  
Table 3F. Data POP Co-Cuprest Flow of Air and Water in 1 1/2  Inch 
Test Section 338 Inches Long - Plug Disc Globe Valve, 
Full Open 
QL W~ T~ T~ lap),* i n l e t  to RUll Nos 
GPM. l b  . /sec , O C  O C  in.Hgo T e s t  Section 
psig, 
Table 3G. Data fo r  Co-Current Flow of A i r  and Water i n  1 112 Inch 
Test Section 338 Inches Long - Plug DLsc Globe Valve, 
112 T o t d  Turns Closed 
a W~ T~ T~ ( p)expe i n l e t  t o  Run No, 
GPM. lb./sec. O C  OC Test Section in.Hg. psig , 
Table 3Go Data f o r  Co-Current Flow of A i r  and Water i n  1 1/2 Inch 
Test Section 338 Inches Long - Plug Disc Globe Valve, 
1/2 Total Turns Closed 
Run "' Finlet t o  ( . P)ekpe -- Test section GPM. lb./sec. O C  "C m . ~ g .  
~sia. 
Table 3H. Data f o r  Co-Current Flow of A i r  and Water i n  1 1/2 Inch Test; 
Section 338 Inches Long - Y-Pattern Swing cheek Vahve 
Run No. &L W~ T~ T~ (4P) exp . inlet t o  





























Table 3H. Data for  Co-Current Flow of' A i r  and Water i n  1 1/2 Inch Test 
Section 338 Inches Long - Y-Pattern Swing Check Valve 
Run No. &L 
GPMe 
T~ 'inlet t o  
"C 
(Ap'expo in  Hg o Test Section 
peig. 
Table 31, Data fo r  Co-Cwmxt F1.m of A i r  and Water i n  1 1/2 Inch 
Test Section 338 Inches Long - Iron Gas Line Cock - 
Full Open 
?L W~ T~ T~ 
inlet t o  
Run No. 
O c  
O n .  Test Section GPM. lb . /sec . u in. Hg. 
psig 
Table 31. Data for Co-Cur~ent Flow of A i r  and Water i n  1 1/22 Inch 
Test Section 338 Inches Long - Iron Gas Lfne Cock - 
F'ull Open 
Run No. '% w~ T~ T~ (D)exp. ' in let  t o  
GPM. lb .  /sec . Oir O C  in. Hg. Tsst Section 
psig . 
Table 3J. Data for Go-Current Flow of A i r  md Water i n  1 1/2 Inch 
Test Section 338 Irches Long - Iron Gas Liae Cock - 
1./2 Turn Open 
Run No, % W~ *G (4p> expo ' inlet t o  
GPM. lb./sec.  OC O C  in.Hg. Test Section 
psigo 
Table 35. Data fo r  Co-Current Flow of Aip and Water i n  1 1/2 Inch 
Test Section 338 Inches Long - Iron Gas Line Cock - 
1/2 Tun Open 
R u n  No. \ W~ T~ T~ (a P)expo * inlet to 
GPM. l b  . /sec , "C O C  in .  Hg. Test Section 
psig,  
Table 3K.  D a t a  for Co-Cume~t Flaw of A i r  and Water in 1 1/2 Inch 
T e ~ l t  Section 338 Inches Long - Gate Valve, Wedge Disc, 
Rising Stem, F u l l  Open 
Run No. %, W~ T~ T~ @P)expo ' inlet to 
GPM. lb./seco O C  O C  in,Hg. Teet Section 
psig 0 
Table 3K. Data for Co-Current Flow of' A i r  and Water in  1 112 1nch 
Test Section 338 Inches Long - Gate Valve, Wedge Disc, 
Rising Stem, Ful l  Open 
R u n  Noo. &L 
GPM, 
T~ (Op expo 
8@ in ,  Hg , 
r 
i n l e t  t o  





3 0 0 


















Table 3L. Data fo r  Co-Current Flow of A i r  and Water i n  1 112 Inch 
Test Section 338 Inches Long - Gate Valve, Wedge Disc, 
Rising Stem, 1/2 Total Turns Closed 
Run No. % w~ T~ T~ IPp!exp. r in l e t  t o  
GPM. lb . /sec . "C "C in.Hge Test Section ~ s i a .  
Table 3L. Eata for Co-Cumen% Flow of Air and Water io 1 1/2 Inch 
T e s t  Section 338 Inches Long - Gate Valve, Wedge Cisc, 
Rising Stem, 1/2 TotaJ, Turns Closed 
Bz 
k' 
~ u n  NO, W~ T~ T~ i n l e t  to 
GPM. lb./sec. "C "C in.Hg. Test Section 
p s i g o  
Table 3Mo Data for Co-Cuprent Flow of A i r  a d  Water in 1 1/2 Inch 
T e s t  Sectf on 338 Inches Long - Tapered Wedge Gate Valve 
1/4 T o t a l  W n s  Closed 
Dlr.., AT- Q T, ' inlet t o  
GPM. lb./sec. "C " C XP" Test Seetion in.Hg, 
~sfa. 
Table 3M0 Data fo r  Co-Current Flow of Air and Water i n  1 l./2 Inch 
Tes% Section 338 Inches Long Tapered Wedge Gate Valve 
1/k T o t d  T l ~ r s s  Closed 
Run No. &L W~ T~ G (nr)expo T 
GPM. l b  . /see. OC O C  in.Hg. 




















22 * 0 
12.0 
16.0 
20 0 0 
25.0 
Table 3N. Data for Co-Current Flow of Air and Wa%er in 1 112 Inch 
Test Section 338 Inches Long - Gate Valve, Tapered Wedge, 
Rising Stem, 3/4 Total Turns Closed. 
Run No, % W~ T~ T~ (AP) 'inlet to 
GPM. l b  . /see, QC O C Test Sectios in. Hg, 
psigo 
Table 3Ne Data for Co-Current Flow of Air and Water in P 1/2 Inch 
T e s t  Section 338 Inches Long - Gate Valve, Tapered Wedge, 
Risiog Stern, 3/4 Total Turns Closed. 
Run No. QL T~ 'inlet to 
" T e d  Section 
Table 30. Data for Co-Current Flow of Air a d  Water in 1 1/2 Inch 
Test Section 338 Inches Long - Standard 90" Elbows 
T r Run No. &L W~ L T~ (nP)exp. i n l e t  t.o - 
GPM. lb . /sec . O C  O C  . Test Section in.Hg. 
psig, 
T a b l e  30. Data for Co-Current Flow of A i r  and Water in  1 1/2 Inch 
,Test Section 338 Inches Long - Standard 90" E l b o w s  
r 
~ u n  NO. BZ W~ 'L T~ (bP)exp. inle+, t o  
GPM. l b  . /sec . O C  "C in.Hg. Test Section 
psig . 
Table 3P, Data for Co-Current Flow of A i r  and Water in 1 1/2 Inch 
Test Seetio~ 338 Inches Long - Standard Tee, Side Inlet 
r 
~ u n  NO. BL w~ T~ T~ (nP)exp. fnietz to 
GPM. lb. /see. " C " C Test Section in.Hg. psig . 
Table 3P. Data for Co-Current Flow of A i p  and Wa%er in 1 1/2 Inch 
Test Section 338 I ~ c b a  Long - Standard Tee, Side I n l e t  
~ u n ~ o .  '% W~ T~ T~ (4p),. 'inlet to 
GPM. lb,/rsec. "C em CI ineHgo Test Section 
psif3. 
Table 36.. Data for Co-Current Flow of Air and Water in 1 112 Inch 
Test Section 338 Inches Long - Long Turn 93" Elbcws 
Ruza No. "r, 
GPM . ' exp in.&, Test Section ~ s i a .  
Table 36, Data for Co-Cwre~t, Flow of A i r  and Water in  1 112 Inch 
Test Section 338 Inches Long - Long W n  90" Elbows 
% 
Y 
Rur, No* Wc T~ *G i n l e t  to 




Co-cu~renf, Flow of? A i r  and Water i n  1 1/2 Inch Test Seeti03 
Without VaLve . Run No. 150  able 1) 
The pressure drop over the 338 inch Lest  section wars determined 
from the ~ u ~ p u t  pressure of the d i f f e ren t i a l  t ransmit ter  and found t o  be 
Calculation of a superf icial  l iquid presswe drop per unit  length t ha t  
i s  the loss tha t  would occur i f  the l iquid phase were floving do9g in 
the pipe. 
Water flow r a t e  = 40 GPM 
Water t;emperature = 25" C 
-4 l b o m ~ ~  Mazer viscosity (17) = 6.01 x 10 
f t o s e  c a  = PL 
l b m  
Water density (18) = Q024 - = 
f k 3  PI, 
The pounds of water fLa%ing per second was found t o  be 
Using the~le valuee the Eepolds  nilmber was computed. 
From this Heyl;oLds ~ m b e r  and +,he Nibadse f r i c t i o n  factor  
equatior, the f r i c t i o n  fac tor  was cd.cula%sd. 
The calculated superf icial  pressure drop per unit length was found 
t o  be 
) = 5.16 i lomi psi .  /I%. 
Calculation of superficial gas pressure drop. 
The a i r  rate wa8 calculated from the rotameter reading with the 
m u f a c t - m e r t s  calibra%ioa and the appropriate temperature and pressure 
correction applied and found t o  be 
W = 0,0290 lb.mass/eec. 
G 
A i r  t empera t~~re  = 25°C 
Air viscosity (19) = 0.1231 x 10 -4 lb,mase f%,see. = PS 
Using these vdues Cne Reynolds  umber was c ~ m p ~ e d ,  
The Re value and the NLk-uradse equation were used f o r  the f r i c t i o n  
G 
factor .  
The press-us at the upstream preseure pick-up was meanwad on a 
Bourdo~ gage and found to be 25.7 psia. snd the average pressu. in the 
test seetior, was alaroximted as 
- - 0 , 4 8 9 5 ( ~ ~  jexp 
'AVG - P w - s m ~  2 
The c a l c d a i d  superficial presaswe drop per unit lengzh was found 
Tne x'" term in Lockhart and u d i n e l l i  (1) correlation was next 
evaluated. 
The Lockbard nrd Martinelli @* tern w a s  found to be 
LTT 
P 10.1 
*Ln 3 . b  
2.035 (28.17) (5.040 x lo") 
These values were then plotted in fig, LO to illustrate the 
agPee=nmt, wfth the curve of Lockhart; and Martinelli  (1). 
Calculation of Single-Phase Equivalent Leng%h Multiplyirg 
Faetor,W, f o r  Composition Disc Valve, N l  Open. 
R u n  252  able 2-A) 
The pressure drop over the 338 inch test sect ion was determined. 
from the output of t he  d . i i f e ~ e n t i a l  manomler and found to be 
Calculakion of a super f ic ia l  liquid phase presmre  drop per uni t  
leng+,'h, that i s  'he pres'c?ure loss that. would ocew if the water were 
flaring d o n e  %ma computed exactly as in Appendix 1 1 1 - A  and found 30 be 
CdcuEation of a euper f ic ia l  gas phase pressure drop was determined 
exactly as in Appendix 1x1-A and found t-o be 
2 
The X value used by Lockhart and W i n e l l 1  (1) was foimd Lo be 
2 
From the c u w e  on Pig. 23 the vdae  o f  i2 cornspolding an X 
of 67.78 was fomd t o  be 
The two-phase pressure d ~ a g  per unit leng*h was found t o  bs 
The mass fl,ow m t i o  was computed from a chart of air rate versua 
mass f l o w  r a t i o  with the parameter of constant water rates. The r a t i o  
was fomd t o  be 
w,/ WG = 255 
ihe equation fo r  caleulatioa Y? was gotten as follows. A value for  
the ~ / b  ra;+,io of 330 w a s  fomd for  t.hie v d v ~  (19). The L/D f o r  She 
straight 1 112 inch I .C.  pipe seetion 338 inches long was found t o  be 225, 
The v a l ~ ~  of Y with its corresponding value of wL/kG was plcrtted 
t.o a.id iri constructing the curve faund in fig. 22, 
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